Abstract-Environment Canada methods for acute toxicity tests with rainbow trout require continuous aeration of test solutions during exposure. Depending on the sample, this procedure can result in an increase in pH as dissolved carbon dioxide (CO 2 ) is stripped from solution as a result of aeration. In samples that contain ammonia, the pH may increase to the point where the unionized fraction results in artifactual toxicity. Consequently, aeration with air supplemented with different CO 2 concentrations was investigated as a method for maintaining pH at the level found in the original sample without adversely affecting other water quality parameters. Aeration with CO 2 was an effective method for maintaining pH during exposure, depending both on the concentration of CO 2 and the alkalinity of the sample. A multiple regression conducted on the data determined an equation that was effective at calculating the CO 2 concentration necessary in an aeration mixture to maintain a target pH value as a function of sample alkalinity.
INTRODUCTION
Changes in pH can affect the toxicity of a variety of compounds. For example, the toxicity of ammonia greatly is enhanced by small increases in pH, particularly at elevated pH. This occurs because un-ionized ammonia (NH 3 ) generally is the most toxicologically significant form of ammonia and, with increasing pH, the equilibrium shifts toward the un-ionized form [1] .
The pH of secondary-treated effluents from municipal wastewater treatment plants (WWTPs) commonly is in the range of pH 7.0 to 7.5; however, in static aerated toxicity tests, the pH often drifts to pH 8.0 to 8.5, resulting in an increase of un-ionized ammonia by an order of magnitude or more. Under these conditions, drift in pH generally is caused by stripping of carbon dioxide (CO 2 ) from solution, which is facilitated by aeration. This results in a shift in the carbonate buffer system (see equation below) to the left, resulting in consumption of hydrogen ions and, therefore, an increase in pH. Carbon dioxide can be present above saturation as a result of increasing the temperature of the sample or as a result of microbial metabolic activity in the sample. Previous studies have demonstrated that intermittent toxicity observed in samples from two WWTPs that discharge into the lower Fraser River, British Columbia, Canada, was due to unionized ammonia, resulting from an increase in pH caused by aeration of the test solutions [2] . Because the maximum pH values observed in these tests (ϳpH 8.3-8.5) were significantly higher than those observed in the discharges themselves, the test method did not provide results that were relevant in the context of actual plant operations. Thus, it was desirable to * To whom correspondence may be addressed (stan.bertold@gvrd.bc.ca).
develop a procedure that would control the pH of effluent samples without altering appreciably the toxicity test method or the chemistry of the samples.
Previous studies have shown that performing toxicity tests in enclosed containers with an atmosphere supplemented with CO 2 successfully prevented upward drift in pH [3] . This procedure is effective because the higher partial pressure of CO 2 maintains equilibrium with CO 2 in solution, thereby reducing pH drift. However, this method is somewhat cumbersome to use with tests that require large exposure volumes and likely becomes less effective when samples are aerated continuously, as required according to Canadian acute toxicity test guidelines for rainbow trout [4] and in most aquatic toxicity test methods when the dissolved oxygen falls below the acceptable range [5] .
Therefore, the objective of this study was to identify whether aeration with CO 2 -supplemented air could be used to control pH drift in static tests with rainbow trout aerated continuously according to Environment Canada guidelines [4] . Further consideration was given to determining the ideal gas mixture that would control pH drift without increasing the concentration of CO 2 to toxicologically significant levels and without altering appreciably the chemistry of the samples.
MATERIALS AND METHODS

Gas mixtures
Cylinders of gas mixtures were obtained from Praxair (Vancouver, BC, Canada). The CO 2 concentrations in the mixtures nominally were 0.5, 1, 5, and 10%, with the balance being air. Actual (measured) concentrations of CO 2 were 0.52 Ϯ 0.01, 1.06 Ϯ 0.02, 4.91 Ϯ 0.10, and 9.99 Ϯ 0.20%.
Samples
Grab samples of secondary-treated effluent were collected from the Annacis Island WWTP (Vancouver, BC, Canada) on Table 1 . Survival (%) and total ammonia (mg/L as nitrogen) in 96-h static acute rainbow trout toxicity tests using undiluted samples from the Annacis Island (Vancouver, BC, Canada) and Lulu Island (Richmond, BC, Canada) wastewater treatment plants. Data are presented for CO 2 -supplemented air mixtures and concurrent tests aerated with air alone. Samples are identified using the first letter of the wastewater treatment plant followed by the numerical values for day and month in which they were collected Containers were sealed with no headspace and transported to the laboratory where they were stored at 4 Ϯ 2ЊC in the dark before testing. Tests were initiated within 5 d of sample collection, consistent with the holding time specified by Environment Canada [4] . Each of the samples was evaluated with two or more gas mixtures, and each gas mixture was tested between three and five times, using at least two different samples. The choice of which mixtures were tested with each sample was determined on the basis of prior results and in the context of the goal of determining an effective method to control pH drift in these particular samples. Thus, the number of tests on each gas mixture was higher for the concentrations that were the most effective at controlling pH; the total number of tests for the 0.5, 1, 5, and 10% CO 2 mixtures were 3, 4, 5, and 3, respectively. The 0.5, 1, 5, and 10% CO 2 mixtures were tested on 2, 3, 4, and 2 of the samples, respectively. All gas mixtures were tested concurrently with regular air (0.03% CO 2 ) to provide a baseline against which to evaluate the effect of aeration with the CO 2 -supplemented air mixtures on pH and dissolved CO 2 .
Test procedures
Tests were performed according to Environment Canada guidelines for conducting static acute toxicity tests with rainbow trout [4] . Briefly, these procedures involved pre-aerating for 30 min, measurement of water quality parameters, and exposure of fish for 96 h. Tests were conducted at 15 Ϯ 1ЊC under a 16:8 h light:dark photoperiod and test solutions were aerated throughout at 6.5 Ϯ 1 ml air/L sample/min [4] .
Tests were performed using 10-L volumes of full-strength effluent in 20-L glass aquaria. Ten rainbow trout were exposed in each test container. Juvenile trout used in this study weighed between 0.25 and 0.5 g, were obtained from Spring Valley Trout Hatchery (Langley, BC, Canada), and were acclimated to laboratory conditions for Ͼ14 d before use in the tests.
Dissolved oxygen, temperature, and survival were recorded at 24-h intervals for the 96-h duration of the tests. The pH and CO 2 concentration were measured after 0, 1, 2, 4, and 24 h of exposure, and at 24-h intervals thereafter until termination of the tests.
Control treatments aerated with air and with the CO 2 -sup- [6]. Concentrations of CO 2 less than the detection limit (4.4 mg/L) were assigned the detection limit value.
RESULTS AND DISCUSSION
Survival of rainbow trout in control treatments aerated with air and with the CO 2 -supplemented gas mixtures was 100% in all tests. Thus, the tests all met control acceptability criteria of Ն90% survival and indicate that aeration with gas mixtures of up to 10% CO 2 did not result in acute toxicity to rainbow trout.
Survival of rainbow trout and total ammonia concentrations in samples aerated with air and the four CO 2 -supplemented gas mixtures are shown in Table 1 . The three samples collected from the Annacis Island WWTP resulted in 0 to 50% survival when aerated with air and 90 to 100% when aerated with CO 2 concentrations ranging from 0.5 to 10%. No mortalities were observed in the sample collected from the Lulu Island WWTP aerated with air or with CO 2 -supplemented air; however, aeration with CO 2 was effective at controlling pH drift in the sample from Lulu Island WWTP and, therefore, would have been expected to control toxicity if higher concentrations of ammonia had been present.
In general, the pH in effluent samples aerated with air increased rapidly from approximately 7.1 to between 7.9 and 8.1 within the first 24 h, where it remained for the balance of the exposures. Conversely, even at the lower CO 2 concentrations (0.5 and 1%), the pH stabilized at approximately 7.5 ( Fig. 1 ). In this range (i.e., between pH 7.5 and 8.0), a difference of 0.5 pH units is equivalent to a threefold difference in the concentration of un-ionized ammonia. At the two higher concentrations of CO 2 (5 and 10%), the pH decreased by approximately 0.2 to 0.4 units over the exposure period. Thus, the effectiveness of pH control was related to the percentage of CO 2 in the aeration mixture. In order to maintain pH at the initial level of the samples (ϳ7.0), the most effective concentration appeared to lie in the range of 1 to 5% CO 2 . It should be noted that the pH data for 0 h of exposure time presented in Figure 1 is the time at which the fish were added and is 30 min after initiation of aeration with the gas mixtures. Thus, the values for pH at 0 h are not consistent across treatments because of the effect of the gas mixtures on solution pH in the initial pre-exposure period.
The final pH achieved in the test solutions can be explained effectively by a logarithmic function of the CO 2 concentration in the aeration mixture applied to each sample (Fig. 2) ; r 2 values for these relationships ranged from 0.86 to 0.99. Note that the lines in Figure 2 are parallel and their relative position is a function of alkalinity. Thus, sample alkalinity also is an important variable in determining the final pH of a sample aerated with a specific concentration of CO 2 . In order to integrate these variables into one equation, a multiple regression was performed to determine the extent to which the final pH could be predicted accurately by sample alkalinity and log CO 2 concentration. This resulted in the following equation: In solving the equation for %CO 2 , this relationship can be used to determine the concentration of CO 2 in the aeration mixture necessary to achieve or maintain specific pH values, such as the initial sample pH or receiving environment pH. This equation is ([pHϪ6.274Ϫ0 .007·alkalinity]/Ϫ0.515) CO (%) ϭ 10 2 Elevated concentrations of CO 2 have the potential to cause adverse effects in aquatic organisms. Consequently, there was some concern that aeration with CO 2 -supplemented gas mixtures might result in concentrations that would place additional stress on the exposed organisms. To evaluate this concern, measured CO 2 concentrations in the test containers were compared against the British Columbia water quality criterion (i.e., 60 mg/L) for this parameter [7] (Fig. 4) . Virtually all the values measured fell below the criterion, suggesting that aeration with up to 10% CO 2 should not affect adversely the exposed organisms. Furthermore, if the appropriate CO 2 -supplemented mixture is selected based on the equations presented above, the resulting CO 2 concentration in the sample should remain similar to that present in the sample initially, as seen in Figure  4 for the 1% CO 2 -supplemented concentration.
Overall, these results suggest that aeration with low concentrations of CO 2 can be used to control pH drift and the resulting effects on ionization and toxicity of ammonia in effluent samples. The methods can be used to complement a number of regulatory test methods that employ aeration during exposure. The addition of low concentrations of CO 2 to the mixture of air used to aerate the test solutions is a minor modification to the Environment Canada toxicity test method for acute bioassays with rainbow trout that can be incorporated easily to prevent pH drift associated with changes in the carbonate buffer system that can occur due to aeration. In general, alternative methods to control pH, such as addition of acid or base, are not permitted by the Environment Canada protocol because they may alter the chemistry of the samples. However, the aeration method described herein controls pH by restoring CO 2 that is lost as a result of aeration during the test and, therefore, acts to maintain the carbonate buffer system and pH at close to that present in the original sample at the time the test is initiated. Consequently, this approach maintains the sample chemistry more consistently throughout the duration of the exposure, compared with the test method currently used.
This methodology also has application to toxicity identification evaluations where it often is advantageous to maintain sample pH at different values in order to identify the presence of pH-sensitive toxicants, such as ammonia or aluminum, or to remove the effect of a pH-sensitive toxicant to facilitate the identification of additional toxicants [8] . Current practices to control pH, including periodic addition of acid or base or addition of pH buffers, may introduce artifactual toxicity and alter ionic composition in a manner that can affect toxicity of contaminants unrelated to any effect on pH. The use of CO 2 chambers is an alternative and effective method for controlling pH, but has limited application for tests using larger containers or with samples that require aeration to maintain dissolved oxygen concentrations.
